Titanium nitride surface layers were prepared by gas-phase thermal nitridation of pure titanium in an ammonia atmosphere at 1373 K for different times. In addition to the surface nitride layer, nitride/hydride formation was observed in the bulk of the specimen. The cross-section of the specimen was characterized by various techniques such as optical microscopy, scanning electron microscopy, energy dispersive X-ray spectroscopy, secondary ion mass spectrometry and nanomechanical testing, and the mechanism of formation of these phases is discussed. Ó 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Titanium and its alloys are extensively used in the aerospace and automobile industries because of their high specific strength and good mechanical properties. However, one of the major constraints in the wider application of titanium alloys is their poor galling resistance in sliding contact with other metals under load. Surface engineering is a well-established technique to overcome this problem and to improve the tribological properties of titanium and its alloys [1] .
Titanium nitrides possess high hardness and elastic modulus combined with low coefficient of friction and good corrosion resistance [2] . These properties of TiN have prompted the use of nitrided Ti surfaces for enhanced performance under erosion or erosion-corrosion service conditions. In addition, nitrided Ti surfaces have good biocompatibility and hence have potential as implant materials, particularly for components subjected to erosion wear conditions [3, 4] . The presence of TiN/ Ti 2 N layers at the surface of the nitrided specimens is reported to result in better adhesion of fibroblast cells compared to an untreated Ti substrate [5, 6] .
The strong affinity between nitrogen and titanium provides the driving force to form TiN and Ti 2 N phases at the surface on nitridation. From the Ti-N phase diagram it is known that Ti exhibits a large solubility for nitrogen at high temperatures [7] . Several techniques, including plasma nitriding, ion implantation, gas nitriding, laser nitriding and electrochemical surface nitriding, have been employed for nitriding titanium and titanium alloys [8] [9] [10] [11] [12] [13] . Among these, gas nitriding and plasma nitriding are considered to be promising methods for engineering and biomedical applications because these processes are independent of the geometry of the samples. Furthermore, using these processes it is possible to achieve large nitriding depths, compared to other methods, giving a higher reserve for wear applications.
In the present study, gas-phase thermal nitridation using ammonia gas as the nitrogen source in a thermogravimetric analysis-mass spectrometry (TGA-MS) system was carried out. Detailed analysis by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), secondary ion mass spectrometry (SIMS) and nanoindentation studies, with more emphasis on the examination of the cross-section of the specimens, was undertaken.
The nitridation experiments were carried out in a home assembled TGA-MS system [14] . The detailed experimental procedure was reported earlier [10] . For the sake of completeness, a brief description is given here. Pure Ti specimens were polished and cleaned before being exposed to a nitriding environment. These samples were subjected to nitridation at 1373 K for periods of 5 and 10 h in an ammonia atmosphere with a flow rate of 15 sccm. The weight gain of the samples during nitridation was monitored continuously. The nitrided specimens were characterized by XRD (STOE, Germany) for phase identification. The XRD data were collected in powder mode (PXRD) and glancing incidence mode (GIXRD) for bulk and surface analysis, respectively. Surface and cross-sectional microstructures were studied by SEM (Philips GX 30 ESEM). The Ti:N ratio at different nitrided zones was estimated by cross-sectional EDX, attached to the scanning electron microscope. Elastic modulus and hardness along the crosssection of the specimens were measured by nanoindentation (Hysitron, USA). Loading and unloading curves are plotted to assess the elastic recovery at different nitridation zones along the cross-section of the specimen. Titanium, nitrogen and hydrogen imaging was carried out over the cross-section by SIMS (Cameca, France).
The weight gain of the specimens during nitridation was measured online by TGA. The specimen (initial weight 1141.9 mg) treated at 1373 K for 10 h had a weight gain of 1.86% and the one treated for 5 h gained 1.46%. This gain in weight during the process indicates a substantial intake of gaseous species into the sample (i.e. nitrogen and hydrogen, the cracking products of ammonia). PXRD patterns [10] clearly identified that the nitrided surface layer predominantly consists of TiN phase with a minor contribution from Ti 2 N. GIXRD [10] studies, however, indicated that the submicron surface layer is almost pure TiN.
In order to study the cross-sectional microstructure and the mechanical properties of the phases present, optical microscopy, SEM, EDX, SIMS and nanoindentation techniques were employed. Figure 1 shows the optical micrograph of the cross-section from a sample nitrided for 10 h. It reveals a nitrided surface layer, which is bright and around 75 lm thick. Below the outer nitride layer a darker phase running almost parallel to the surface and channeling towards the interior (as indicated by small arrow marks) is seen. A two-phase microstructural contrast is clearly observed in the bulk beyond the interface. The area fraction, and hence the volume fraction, of the different phases was estimated using image analysis software, and it was found that the darker phase comprises around 5% of the surface area. Similar observations were also made for the 5 h treated specimen except for the thickness of the outer layer, which was measured to be about 55 lm. Further investigations were carried out on the 10 h treated specimen.
Nanoindentation studies were also carried out along the cross-section of the specimen. Figure 2a illustrates the variation in hardness as well as elastic modulus along the interior region. The optical micrograph of the corresponding regions is shown below (indicated by the dotted line within the box). At the lighter regions the hardness and elastic modulus were around 10 and 135 GPa, respectively. Although these values are lower than previously reported for TiN, it can be assumed that these are partially nitrided regions [15] . In the darker region, these values fall to 3.5 and 100 GPa, respectively. This hardness value matches well with the reported hardness value of titanium hydride [16] . Figure 2b illustrates similar nanoindentation measurements covering a wider region, i.e. the nitrided outer layer, the partially nitrided region and the darker phase. The outer nitrided layer shows hardness and elastic modulus values of around 15 and 180 GPa, respectively. This is comparable to the reported data [17, 18] , though these values vary over a wide range depending upon the methods of preparation and the process parameters. The observations on the other two regions are identical to that of Figure 2a . The load-displacement curves obtained during nanoindentation at different regions are shown in Figure 2c . The difference in hardness of the regions is apparent from the large difference in the depth of indentation for the same applied load and from the varying degrees of elastic recovery during unloading. At the hydrided zone, the indentation depth was around 240 nm with the maximum applied load of 5000 lN followed by a minimum elastic recovery ($20%) during unloading. In the partially nitrided region, the depth was around 160 nm for the same applied load and there was a substantial elastic recovery ($35%) during unloading. For the completely nitrided uppermost region, the penetration depth was only about 140 nm and almost 50% recovery upon unloading was observed.
The cross-section of the specimen was subjected to elemental image mapping by SIMS. A small area covering the partially nitrided zones and narrow dark channels was imaged for nitrogen and hydrogen ( Fig. 3a  and b, respectively) . The images of nitrogen and hydrogen are complementary to each other. The corresponding line scan as indicated in the image was also plotted against distance (Fig. 3c) . This observation clearly indicated the formation of nitrogen-rich and hydrogen-rich regions along the cross-section.
In order to substantiate the findings from the nanoindentation and SIMS measurements, these regions were further investigated by EDX line scan analysis. The SEM image and the corresponding concentration profile of titanium and nitrogen up to a depth of $300 lm are shown in Figure 4a and b. The line profiles indicate that at the outer surface of the specimen, the concentrations of Ti and N are almost same, suggesting the presence of stoichiometric TiN (this was also evident from GIXRD [10] ). The concentration of nitrogen decreases rapidly towards the interior, showing the formation of sub-stoi- From the above observations, it is confirmed that a three-phase region-a completely nitrided outer layer, partially nitrided interior regions and narrow channels of titanium hydride-are formed during the nitridation process. For the specimen nitrided for 10 h, the total weight gain is 21.28 mg. Bearing in mind the volume fraction of hydride ($5%) from the image analysis and the ratio of atomic weight of hydrogen to nitrogen, it can be safely assumed that this weight gain is due to uptake of nitrogen. Converting this weight gain into the number of nitrogen atoms gives a value of $9.2 Â 10 20 atoms (sample size 12.5 Â 10 Â 2 mm 3 ). This would result in a very high concentration of nitrogen at the surface, exceeding the solubility limit and providing a very strong driving force for surface nitridation. In addition, a substantial amount of nitrogen and hydrogen would diffuse into the bulk at the nitriding temperature.
The titanium-nitrogen system has been extensively studied by Strafford et al. [19] , who reported a parabolic weight gain rate for the entire exposure period. From the Ti-N binary phase diagram [7] , it is clear that the N solubility in a-Ti is quite high at high temperatures (about 23 at.% of N above 1323 K) and drops at low temperatures (about 5 at.% 773 K). On heating pure Ti specimen to the nitriding temperature of 1373 K, a -Ti transforms to b-Ti. The required nitrogen concentration to maintain the a phase is 5 at.% at 1373 K [7] . The total weight gain over the entire nitriding period of 10 h (21.28 mg) corresponds to $6 at.% for the entire Ti specimen. Considering the formation of the nitride layer at the surface and the resulting slow inward diffusion of nitrogen, the bulk of the specimen would remain mostly in b phase at the nitriding temperature since the presence of nitrogen will be much lower than 5 at.%. Upon cooling it reverts back to a-Ti and it is likely that the dissolved nitrogen in the bulk could result in the partial nitridation of the bulk material since the solubility of nitrogen in titanium is drastically reduced at lower temperatures. Thus the measured weight gain should be the sum of two different contributions, namely the external scaling and partial internal nitridation in the bulk. Strafford et al. [19] concluded that the mechanism of nitridation involves an inward diffusion of nitrogen and this process is limited by the rate of diffusion of nitrogen which is slower once a nitride layer forms at the surface. Buscaglia et al. [20] studied the high-temperature behaviour of Nb-Ti alloys of various concentrations in a nitrogen atmosphere. Their Ti(90)-Nb(10) sample showed, over and above the complete nitridation of the outer layer, precipitation of titanium nitride needles throughout the interior region. McDonald et al. [21] also studied the reaction of nitrogen with titanium at high temperatures. They concluded that the inward diffusion of nitrogen is the dominant mass transfer process during nitridation, and that a nitrogen concentration gradient and a corresponding change in hardness exist across all phases after nitridation. A systematic investigation of the titanium-nitrogen system and the phase formation in the sub-nitride regions was carried out by Lengauer [22] . The outermost layer was made of TiN 1Àx at all temperatures. He has also observed Ti 4 N 3Àx , Ti 3 N 2Àx and Ti 2 N phases at different depths. There was no trace of Ti 2 N in the specimens treated at and above 1353 K. This confirms that the Ti 2 N observed in our sample must have formed during cooling. In addition, Lengauer estimated the nitrogen content in the nitrides, which varied from $30% for Ti 2 N to $37% for TiN 1Àx . Considering these observations [7, [19] [20] [21] [22] and a careful examination of our nanoindentation, SIMS and EDX results, we were able to deduce the mechanism of formation of three regions upon nitridation of Ti in NH 3 atmosphere. The continuous diffusion of N in Ti, at high temperature, leads to the formation of a nitride layer at the surface as well as its dissolution in the bulk. SEM and nanoindentation results show that the nitrided surface layer is around 75 lm thick. A gradient in hardness as well as a change in concentration of Ti and N (Figs. 2b and 4b ) exist even along this layer, indicating that this layer is also not single phase. We assume that this phase consists of a thin layer of TiN at the outer surface, followed by a mixture of sub-stoichiometric TiN and Ti 2 N. If we assume that the nitrogen requirement on average is 33 at.% (from Ref. [22] ) for the outer 75 lm layer, the nitrogen requirement is of the order of 7 Â 10 20 atoms for a specimen of dimensions 12.5 Â 10 Â 2 mm 3 . The total nitrogen intake is calculated to be around 9.2 Â 10 20 atoms (neglecting the weight of hydrogen) from the TGA weight gain measurement. This means that of the order of 2.2 Â 10 20 excess nitrogen atoms are dissolved in the bulk, which are available for internal nitriding. They are unlikely to form the nitride phase at 1373 K since the solubility of nitrogen in Ti is around 23 at.% at that temperature [7] . The nitride formed inside the bulk is probably due to precipitation upon cooling since the solubility of N in Ti reduces drastically at lower temperatures [7] . The dissolved nitrogen in the sample will be used up for the nucleation and growth of nitride phases upon cooling. Simultaneously the dissolved hydrogen also became segregated in narrow channels to form titanium hydride.
In conclusion, nitridation of titanium was carried out in an ammonia atmosphere at 1373 K for 5 and 10 h in a TGA-MS system. In addition to the TiN/Ti 2 N surface layer, titanium nitride/hydride phase formation was observed in the bulk of the specimens. Cross-sectional examination of the specimen by optical microscopy, SEM, EDX, SIMS and nanoindentation revealed a three-phase microstructure with a completely nitrided outer layer at the surface followed by a narrow hydride phase and partially nitrided and hydrided precipitates throughout the bulk. The measured hardness and elastic modulus also complement the above inferences of the formation of a completely nitrided outer layer and partially nitrided internal regions separated by narrow hydride channels.
